suggested the possibility that E. coli and B. eubtils synthesize niacin by a different pathway from the one operative in neurospora. Experiments were therefore carried out to determine if tryptophan serves as a precursor of niacin in E. coli and B. subtilis. The results of these experiments are presented in this paper.
MATERIAS AND METHODS
The tryptophan auxotrophs of E. coli and B. subtilis, employed in this investigation, and the compounds which support their growth are listed in table 1 . In addition to the tryptophan auxotrophs, three niacin auxotrophs of E. coli and eight niacin auxotrophs of B. subtilis were also studied. The E. coli auxotrophs were isolated from ultraviolet irradiated populations of the K-12 strain using the Adelberg and Myers (1953) modification of the penicillin selection method (Lederberg and Zinder, 1948; Davis, 1948) . The B. subtiUs (Marburg strain) auxotrophs were kindly supplied by Dr. P. R. Burkholder. The composition of the minimal medium used in experiments with E. coli has been given previously (Rickenberg et al., 1953) . The minimal medium described by Monod (1942) was used in experiments with B. eubtilis. Niacin was determined by a modification of a microbiological method employing LactobaciUus arabinosue (Association of Vitamin Chemists, Inc., 1947) . Indole was assayed colorimetrically with Ehrlich's reagent. Tryptophan was determined microbiologically with strain T-1. The minimal medium was supplemented with 0.5 per cent acid hydrolyzed casein in assays with this strain. Counting was done with a gas flow counter in the Geiger region. The C14 uniformly labeled glucose was purchased from Isotopes Specialties Corporation and was diluted with unlabeled glucose to 6 X 0l cpm/mg carbon.
Labeled indole could not be counted directly because of its volatility. To overcome this difficulty indole was converted to a nonvolatile 577. Growth of strain T-2 on labeled tryptophan.
As a test of the conversion of tryptophan to niacin, tryptophan auxotroph T-2 was grown in minimal meium supplemented with labeled tryptophan, and the radioactivity of the niacin synthesized determined. A flask containing 750 ml of minimal medium (0.5 per cent glucose as carbon source) supplemented with 40 ml of the labeled tryptophan preparation was inoculated with strain T-2. After incubation for 16 hours at 37 C the cells were removed by centrifugation. The supernatant solution was concentrated in vacuo to about 20 ml and enough concentrated HaS04 added to make the solution approximately 6 N. The celJs were suspended in 30 ml of 6 N H2S04. Both fractions were autoclaved for 40 minutes at 15 lb pressure. The hydrolysates were combined and centrifuged to remove insoluble material. The supernatant solution contained 258 ,g of niacin.
Isolation of niacin. The first step in the isolation procedure involved adsorption of the niacin on Lloyd's reagent. Four grams of Lloyd's reagent were added to the supernatant solution and the mixture stirred for 5 minutes. The Lloyd's reagent was removed by centrifugation, and an additional 3 g were added to the supernatant solution. After centrifugation, the supernatant solution, which was practically niacin-free, was discarded. The Lloyd's reagent was washed twice with 20 ml portions of boiling water. Niacin was eluted from the Lloyd's reagent by stirring with four 20 ml portions of hot 5 N NH4OH. The ammonia eluates were combined and concentrated in vacuo to a few ml. Approximately 3 volumes of absolute ethanol were added to the concentrate and the mixture placed at 2 C for (Yanofsky et al., 1950) and chromatographed using the ascending method (Wlliams and Kirby, 1948 ) (the developing solvent contained 25 ml butyl alcohol, 50 ml propyl alcohol, 25 ml of water, and 1 ml of 1 N NH4OH). The niacin band of the chromatogram was located using a pour plate seeded with L. arabinosus, as described elsewhere (Bonner and Wasserman, 1950 Growth of strain T-2 on lbled indole. The experiment just described was repeated using labeled indole as growth supplement instead of tryptophan. There were two purposes in doing this: first, to confirm with indole the results obtained with the tryptophan preparation (under these conditions tryptophan would be formed endogenously) and second, to examine in vwo the conversion of indole to tryptophan. LAbeled indole could be substituted for tryptophan since the strain employed, T-2, responds to either compound. The experiment performed with labeled indole was essentially the same as the one performed with labeled tryptophan except that labeled indole (2 pg/ml) was used as growth supplement and 400 ml of culture medium were employed. After growth on the medium, the cells were removed by centrifugation and divided into two portions. Half of the cells were utilized for the isolation of tryptophan. These cells were washed once with saline and resuspended in a few ml of water. The cell supension was poured into cold acetone, and the precipitate which formed was collected by centrifugation. The precipitate was extracted with hot 5 per cent trichloroacetic acid and washed successively with ethanol, ethanol-ether, and finally ether. Fifty-two mg of dry material were obtained. This material was hydrolyzed with 1 N NaOH (1 per cent casein hydrolysate was added, as suggted by Steers and Sevag, 1949) in a sealed glas tube which had been flushed with nitrogen before sealing. After autoclaving for 7 hours the tube was cooled and the contents removed, diluted with a few ml of water, and adjusted to pH 6.0. A smal amount of insoluble material was removed by centrifugation. The supernatant solution was then continuously extracted with butanol for 3 hours. The butanol extract was concentrated in vacuo, applied to a sheet of Whatman no. 1 filter paper, and chromatographed in the formic acid solvent previously employed. The tryptophan zone on the chromatogram was located using a pour plate of minimal medium seeded with strain T-1. The tryptophan band of the chromatogram was cut out and eluted with water. The eluate was concentrated in vacuo and the tryptophan content determined microbiologicaRly with strain T-1. This strain responds to the rAsomer of tryptophan only. The eluate gave 5.6 X 104 cpm/mg tryptophan. Since the tryptophan isolated was undoubtedly racemic, the correctd value is 2.8 X 0l cpm/mg DI-tryptophan. If the indole ring of tryptophan were derived solely from the C14-indole supplement, 282 X 101 cpm/mg would be expected.
Niacin was isolated from the combined acid hydrolysates of half the cells and the concentrated culture filtrate by the procedure described previously except that the niacin eluted from the second chromatogram was counted without further purification and without the addition of carrier. This fraction gave 16.1 cpm above background (the eluate from the planchet contained 10 pg of niacin). If the niacin had been derived solely from the carbon of indole, 350 cpm above background would have been expected.
Since the niacin fraction had some radioactivity, this experiment was repeated to determine whether the radioactivity detected was asociated with niacin or with an impurity. Essentially the same procedure was employed as in the previous indole experiment except that 200 ml of medium were used and all the cells were hydrolyzed. The niacin eluted from the second chromatogram was not counted, however, but was chromatographed as a single spot in a third solvent system (25 ml butyl alcohol, 50 ml propyl alcohol, and 25 ml of water). The location of the niacin spot on the developed chromatogram was determined as before, and the spot was cut into two sections as illustrated in figure 1. Each section was eluted separately and counted. The top section gave 6.5 cpm above background (1 ug niacin), and the bottom section gave 4.5 cpm above background (7 pg niacin). Thus, the radioactivity does not appear to be associated with niacin but with a slightly faster moving component. of minimal medium (0.5 per cent glucose as carbon source) supplemented with 40 ml of the labeled tryptophan preparation. Niacin was isolated from the combined hydrolysates of the cells and the culture filtrate (318 pg niacin), using the same procedure employed in the labeled tryptophan experiment with strain T-2. The final niacin solution, which contained 50 ug of niacin, was diluted 100-fold. The niacin was sublimed and then crystallized from ethanol. The yield was 2.8 mg; 1.2 mg were counted and did not give any counts above background. Three hundred and eighty nine cpm above background (corrected for the niacin content of the tryptophan preparation) would be expected if the carbon of niacin were derived solely from the carbon of the indole ring of tryptophan.
Growth of 8train 168 on labeled indole. An experiment with labeled indole as growth supplement was also performed with strain 168. This experiment was identical to the indole experiment performed with strain T-2 except that tryptophan was not isolated from the cells. The niacin counted (20.1 pg) gave 2.8 cpm above background. Seven hundred and five cpm above background would be expected if the niacin were derived solely from the labeled indole.
DISCUSSION
Our interest in possible alternate pathways of niacin synthesis was initially aroused by the finding that none of the eleven niacin auxotrophs of E. coli and B. subtilie which were examined would respond to compounds which were effective niacin substitutes for neurospora mutants.
It was appreciated, of course, that all the mutants might be blocked in the last step or steps in niacin synthesis, in which case the compounds tested would not be expected to replace niacin. However, an equally likely possibility was that in these organisms niacin synthesis did not proceed from tryptophan and did not involve kynurenine, 3-hydroxykynurenine, and 3-hydroxyanthranilic acid as intermediary compounds.
To obtain direct evidence bearing on this problem isotope experiments were carried out with tryptophan auxotrophs of E. coli and B. 8ubtili8. Since the strains employed require exogenous indole or tryptophan for growth, the niacin formed during growth, if it were derived from tryptophan, could only have come from the exogenous indole or tryptophan. Thus, by labeling the indole or tryptophan supplied, it was possible to determine whether or not niacin was formed from these compounds. Uniformly labeled indole and tryptophan uniformly labeled in the indole ring were used so that niacin synthesis by any of the three possible tryptophan pathways indicated in figure 2 would be detected.
The results of the isotope experiments show conclusively that neither indole nor tryptophan serves as a precursor of niacin in the E. coli and B. subtilis strains examined. Thus, it is possible to eliminate the three pathways of niacin synthesis illustrated above.
The results obtained would seem to contradict the findings of Marnay. Marnay (1951) demonstrated that in E. coli niacin, tryptophan, kynurenine, or 3-hydroxyanthranilic acid would reverse growth inhibition caused by indole-3-acrylic acid. It was concluded from these observations that the pathway of niacin synthesis in E. coli is the same as in neurospor. The inhibitory effect of indole-3-acrylic acid was also reversed by phenylalanine, however, which leaves some doubt as to the reaction inhibited by indole-3-acrylic acid. At (Sasald, 1923; Kotake and Otani, 1933) .
In one experiment the relationship between indole and tryptophan was emined by isolating tryptophan from the protein of a tryptophan auxotroph of E. coli which was grown on labeled indole. The isotope content of the tryptophan isolated indicates that tryptophan is synthesized from indole in E. coli, a finding consistent with the following observations: (1) indole supports the growth of several tryptophan auxotrophs, (2) indole is accumulated by tryptophan auxotrophs of E. coli which cannot use indole for growth, and (3) tryptophan synthetase activity can be demonstrated in extracts of the wild type strain while similar extracts from tryptophan auxotrophs which cannot use indole for growth lack tryptophan synthetase activity. The results obtained also indicate that under the conditions of the experiment there was no "leakage" past the block in the auxotroph employed.
In conclusion it is interesting to note that although both E. coli and Neurospora crassa appear to synthesize tryptophan by the same pathway, tryptophan is used as a precursor of niacin by neurospora but not by E. coli. 
